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The androgen receptor mediates antiapoptotic 
function in myometrial cells 

H Li\ Y Li\ D Morin\ S Plymate^ S Lye^ and X Dong*'^'^ 

During pregnancy, myometrial phenotype is programmed into three characteristic stages referred to as the early proliferative, 
the midterm hypertrophic, and the late contractile stage. Increased myometrial growth in the early and midterm of pregnancy 
involves a complex process of cell proliferation, antiapoptosis and differentiation. We have previously demonstrated that the 
androgen receptor (AR) is required for myometrial cell proliferation by modulating IGF-1 signaling during early pregnancy. Here, 
we report that AR also exerts its antiapoptotic function in human myometrial cells. Enhanced AR expression protects, whereas 
AR silencing sensitizes myometrial cells to both intrinsic and extrinsic apoptotic stimuli. AR agonist inhibits, whereas AR 
antagonist induces myometrial cells to undergo apoptotic cell death. Gene microarray analysis confirms that the central 
functions of AR in myometrial cells are to regulate cell cycling and apoptosis through three major gene groups involving the 
epidermal growth factor (EOF) signaling, RNA splicing and DNA repair processes. AR mediates its antiapoptotic function 
through two distinct pathways. In the receptor-dependent pathway, AR is required for the expression of several protein factors 
within the EGF signaling pathway. Through the PI3K/Akt pathway, AR enhances the expression of the antiapoptotic protein 
Mcl-1. In the ligand-dependent pathway, AR agonist triggers the activation of Src kinase, which in turn phosphorylates STATS to 
increase Mcl-1 expression. We conclude from these results that the AR signaling exerts antiapoptotic function in myometrial 
cells, further supporting its key role in programming of myometrial phenotype. 
Cell Death and Disease (2014) 5, e1338; doi:1 0.1 038/cddis.201 4.303; published online 17 July 2014 



The myometrium demonstrates remarkable plasticity during 
pregnancy, manifest by changes in myometrial phenotype 
across pregnancy starting from the early proliferative, to the 
midterm synthetic and the later contractile stages. ""'^ 
It concludes with postpartum uterine remodeling to complete 
the reproductive cycle following labor and returns to its 
nonpregnant receptive state. The proliferative stage of 
pregnancy involves a complex process of cell proliferation, 
apoptosis as well as differentiation. At this stage, the 
myometrial phenotype is characterized by an enhanced 
proliferation index for example, PCNA and BrdU incorporation.^ 
In addition, emerging evidence suggests that anti- 
apoptotic mechanisms are also developed to cooperate with 
myometrial growth. Using a pregnant rat model, we showed 
high levels of the antiapoptotic proteins, Bcl2 and Bcl2L1 , 
expressed throughout the proliferative stage.^ In addition, 
although there are several executioner caspases (e.g. 
caspase 3, 6 and 7) activated during this stage, apoptotic 
cell death is not observed in myometrial cells. ^"^ As the early 
proliferative phase of pregnancy is essential to accumulate 
enough myometrial cell numbers and contractile capacity to 
engage in parturition, these observations suggest that 



antiapoptotic mechanisms must be coordinately developed 
along with cell proliferation during early pregnancy to achieve 
optimal myometrial growth. Thus, investigation of the anti- 
apoptotic mechanisms of myometrial cells will contribute 
significantly to our understanding the physiology of uterus and 
the clinical management of pregnancy and labor progression. 

Signaling mediated by estrogen and progesterone recep- 
tors had been demonstrated to be important for myometrial 
growth. ^"^ As transcriptional factors, these steroid receptors 
regulate expression of several growth factors to modulate 
myometrial cell growth. Growth factors such as insulin- 
like growth factor (IGF) and epidermal growth factor (EGF) 
bind their cognate tyrosine kinase receptors and trigger 
multiple downstream signaling cascades such as PI3K/Akt 
and Ras-Erk/MAPK.''^''"^ Steroid receptors can also exert 
non-genomic actions to control cell proliferation. Ligand- 
activated receptors can recruit Src kinase and activate its 
downstream signaling cascade. ''^ ''^ Therefore, the mutual 
interplay between steroid receptors and growth factors are 
vital for myometrial growth. 

The androgen receptor (AR), a nuclear steroid receptor, is 
also expressed in the myometrium. Serum androgen levels 
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Start to increase progressively during the pregnant luteal 
phase, initiated by the luteinizing hormone surge."*^ AR 
expression levels in the myometrium are also maintained at 
higher levels during early proliferative and synthetic phases of 
pregnancy.''^ We have shown that while positively regulating 
IGF-1 receptor protein stability, AR is an important regulator of 
myometrial cell cycling and cell proliferation J ^ These findings 
are further supported by studies on female AR knockout 
mice.^^ Loss of function of AR results in a subinfertile 
phenotype with a thinner uterine myometrial wall and reduced 
myometrial cell numbers when compared with wild-type mice, 
indicating that AR is also a regulator of myometrial growth 
during uterine development. As the balance between cell 
proliferation and cell death determines myometrium tissue 
growth, we propose that AR may also have an antiapoptotic 
role in myometrial cells. 

Results 

AR protein levels determine the responses of human 
myometrial smooth muscle cells to apoptotic stimuli. To 

test the potential role of AR in myometrial cell apoptosis, we 
used human myometrial cells with either overexpression or 
RNA silencing of AR as described. These cells are referred 
to as hTERT(AR), hTERT(Mock), hTERT(shAR) and 
hTERT(shCTRL). Their AR protein expression levels were 
shown in Supplementary Figure S1. These myometrial cells 
were exposed to Camptothecin (CRT) or UV light as intrinsic 
apoptosis stimuli or Anti-Fas antibody as an extrinsic 
stimulus. Cell apoptosis were detected by two independent 
methods, which are the levels of cleaved PARP1 (c-PARPI) 
or cleaved caspase 3 (c-CASPS) detected by western 
blotting and cell populations that bind Annexin V measured 
by fluorescence-activated cell sorting (FACS) assay. By 
measuring c-PARPI levels, we showed that CPT induced 
myometrial cell apoptosis in a dose-dependent manner 
(Figure 1a). Enhanced AR expression reduced the cellular 
apoptotic response, whereas AR knockdown rendered 
myometrial cells more sensitive to CPT-induced apoptosis. 
These results are consistent with the cell apoptosis assay 
measuring the cell population that bind Annexin V 
(Figure 1b). We also used 2.5/ig/ml of CPT to induce cell 
apoptosis in a 0-30 h time course. Both c-PARPI levels and 
Annexin V binding showed that AR antagonized CPT- 
induced apoptotic cell death (Figures 1c and d). To further 
confirm the protective role of AR, we also induced 
apoptosis by UV light. Human myometrial cells were exposed 
to 0-5 mJ/cm^ followed by 16-hour recovery (Figures 2a and b 
and Supplementary Figure S2), or to 3.5mJ/cm^ of UV 
light followed by 0-30 h recovery (Figures 2c and d). 
We observed that AR antagonized cellular apoptosis induced 
by UV light. Furthermore, we assess the impact of triggering 
the extrinsic apoptotic pathway in myometrial cells by the 
anti-Fas antibody. Myometrial cells were treated with 
0-500 ng/ml of anti-Fas antibody (clone CH11) for 24 h 
(Figures 3a and b), or with 300 ng/ml of Fas antibody for 
0-48 h (Figures 3c and d).^° Both C-CASP3 levels and 
Annexin V binding were measured. Cells with enhanced AR 
expression were more resistant, whereas cells with AR 
silencing were more sensitive to anti-Fas antibody induced 
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Figure 1 Human myometrial cells hTERT(Mock), hTERT(AR), 
hTERT(shCTRL) or hTERT(shAR) cells were cultured in DMEM plus 5% 
charcoal-stripped serum. Cells were treated with 0,1,2,5 /^g/ml of camptothecin 
(CPT) for 24 h (a and b) or with 2.5/ig/ml of CPT for 0, 10, 20, 30 h (c and d). 
Representative western blot and densitometry analysis on data from triplicate 
experiments on c-PARPI protein levels relative to actin were expressed as 
mean ± S.E.M (a and c). FACS assays measured cell populations that bind Annexin 
V from triplicate experiments (n = 2/repeat) and were expressed as mean ± S.E.M. 
(b and d). Student's f-test was performed with * as P<0.05; ** as P<0.01 and 
*** as P< 0.001 



apoptosis. In summary, these results indicate that AR has a 
protective role to prevent myometrial cells from apoptotic cell 
death. 

AR agonist protects human myometrial smootli muscle 
cells from apoptotic stimuli. The function of AR can 
be mediated through either receptor-dependent or ligand- 
dependent pathways.^"* To study the hormonal regulation of 
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Figure 2 Human myometrial cells hTERT(Mock), hTERT(AR), 
hTERT(shCTRL) or hTERT(shAR) cells were cultured in DMEM plus 5% 
charcoal-stripped serum. Cells were exposed to 0, 3, 4, 5mJ/cm^UV light and 
allowed to recover for 24 h (a and b) or to 3.5 mJ/cm^ and allowed to recover for 0, 
10, 20, 30 h (c and d). Representative western blot and densitometry analysis on 
data from triplicate experiments on c-PARPI protein levels relative to actin were 
expressed as mean ± S.E.M. (a and c). FACS assays measured cell populations 
that bind Annexin V from triplicate experiments (n = 2/repeat) and were expressed 
as mean ± S.E.M. (b and d). Student's f-test was performed with * as P< 0.05; ** as 
P<0.01 and *** as P< 0.001 



AR in myometrial cell apoptosis, we treated parental 
hTERT-HM cells with CPT, UV light or anti-Fas antibody in 
the presence of vehicle, synthetic AR agonist R1881 or AR 
antagonist MDV3100 (Figures 4a-c) for 0-48 h. Cell apop- 
tosis was again measured by the levels of c-PARPI or 
C-CASP3. We showed that R1881 significantly reduced the 
levels of C-PARP1 under CPT and UV light treatments 



(Figures 4a and b). In addition, MDV3100 treatment resulted 
in higher levels of c-PARPI when compared with cells under 
R1881 treatment. We also showed that R1881 decreased, 
whereas MDV3100 increased C-CASP3 levels in myometrial 
cells, when cells were challenged by anti-Fas antibody 
(Figure 4c). These data were further confirmed by FACS 
assays measuring Annexin V binding, when myometrial cells 
were exposed to CPT, UV light and the anti-Fas antibody 
(Supplementary Figure S3). These results demonstrated that 
in addition to AR protein, the antiapoptotic function of AR can 
also be modulated by AR ligands. 

Gene microarray analyses of AR-regulated genes. To 

identify AR-targeted genes that are responsible for its 
antiapoptotic action, we performed gene microarray ana- 
lyses. In total, 1567 genes were significantly changed by AR 
knockdown (>1.5 fold). Gene ontology (GO) analyses by 
The Database for Annotation, Visualization and Integrated 
Discovery (DAVID) version 6.7 further characterized the key 
cellular processes regulated by AR. The top two ranked GO 
terms are cell cycling and apoptosis, which involve a total of 
201 genes (Figure 5a). These results further confirmed that 
the main functions of AR in myometrial cells are to regulate 
cell proliferation and apoptosis. Information of the top-ranked 
30 genes by q-value either up- or downregulated by AR 
knockdown are also listed in Figure 5b. Using the I PA 
software (Ingenuity Systems), we further identified three 
major signaling cascades that are regulated by AR and may 
mediate AR antiapoptotic function (Figure 5c). They are 
protein factors within the EGF signaling (EGF, SHC, PKC, 
GRB2 and RASA), RNA splicing factors (SRSF1, SRSF2, 
SRSF4, hnRNPM and hnRNPU) and proteins involving in 
DNA repair (XRCC5, XRCC6, PARP1, NONO). The EGF 
signaling is particularly interesting as its downstream 
effector, Akt, is well known for its antiapoptotic function. 
Using real-time PCR to validate microarray findings, we 
showed that mRNA levels of EGF, SHC, PKC, GRB2 and 
RASA genes were significantly reduced in the presence of 
AR knockdown (Figure 5d), and upregulated by enhanced 
AR expression. It should be noted that mRNA levels of these 
genes were not altered by R1881 treatment, indicating that 
AR regulation of EGF signaling is receptor-dependent. 

Antiapoptotic action of tlie AR is mediated tlirougli a 
receptor-dependent meclianism. AR regulates several 
protein components within the EGF signaling, suggesting 
that AR may exert its antiapoptotic function by modulating 
EGF signaling. To test this hypothesis, we first treated 
hTERT(shCTRL) and hTERT(shAR) cells with 0, 5 and 
lOng/ml of recombinant EGF for 30min. Activation of EGF 
signaling led to increased phospho-SHC (p-SHC) and 
phospho-Akt (p-Akt), whereas AR knockdown attenuated 
these changes (Figure 6a). Within the antiapoptotic Bcl2 
family, very low levels of Bcl2 protein was expressed in the 
myometrial cells. There were no changes of Bcl-xL protein 
levels in response to EGF treatment or to AR silencing. 
However, a robust upregulation of Mcl-1 was induced by 
EGF, concurrent with the activation of Akt signaling, 
suggesting that the antiapoptotic function of AR may be 
mediated through the Akt signaling to upregulate Mcl-1 
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Figure 3 Human myometrial cells hTERT(Mock), hTERT(AR), hTERT(shCTRL) or hTERT(shAR) cells were cultured in DMEM plus 5% charcoal-stripped serum. Cells 
were treated with 0, 200 or 500 ng/ml anti-Fas antibody for 24 h (a and b) or with 300 ng/ml of anti-Fas antibody for 0, 24 or 48 h (c and d). Representative western blot and 
densitometry analysis on data from triplicate experiments on C-CASP3 protein levels relative to actin were expressed as mean ± S.E.M. (a and c). FACS assays measured cell 
population that bind Annexin V from triplicate experiments (n = 2/repeat) and were expressed as mean ± S.E.M. (b and d). Student's f-test was performed with * as P< 0.05; 
as P< 0.01 and *** as P< 0.001 



protein levels. To test this possibility, we applied the PI3K/Akt 
inhibitor, LY294002 to the myometrial cells. Blocking Akt 
activity dramatically reduced Mcl-1 protein levels (even in the 
presence of EGF treatment) accompanied by enhanced 
cellular apoptosis as measured by c-PARPI levels 
(Figure 6b). These results indicate that in myometrial cells, 
AR utilizes EGF/Akt signaling to control Mcl-1 expression 
and exert an antiapoptotic function. 



It is known that EGF treatment can also activate Src kinase 
to exert antiapoptotic function. To test whether this 
mechanism also exists in myometrial cells, we co-treated 
hTERT(shGTRL) and hTERT(shAR) cells with EGF plus PP2, 
a Src inhibitor (Figure 6c). We observed that although 
phosphorylation of Src is efficiently blocked, Mcl-1 and 
c-PARPI protein levels were not altered, unless RNA 
silencing of AR was present. These results indicate that the 
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Figure 4 hTERT-HM cells were cultured in DMEM with 5% charcoal-stripped serum and treated with vehicle, 10 nM of R1881 or 20 uM of MDV3100. (a) Cells were also 
co-treated with 0, 3 or 5 ^g/ml of CPT for 24 h or with 2.5 fig/ml for 0, 24 or 48 h. (b) Cells were co-treated with 0, 3, or 5 mJ/cm^ UV light and allowed to recover for 24 h or with 
3.5 mJ/cm^ and allowed to recover for 0, 24 or 48 h. (c) Cells were co-treated with 0, 200 or 500 ng/ml anti-Fas antibody for 24 h or with 300 ng/ml of anti-Fas antibody for 0, 24 
or 48 h. Representative western blot and densitometry analysis on data from triplicate experiments on C-PARP1 or C-CASP3 protein levels relative to actin were expressed as 
mean ± S.E.M. Student's Mest was performed with * as P<0.05; ** as P<0.01 and *** as P< 0.001 



AR-dependent antiapoptotic function is dominant through the 
EGF-Akt signaling pathway. 

To further confirm that Mcl-1 serves as the downstream 
effector for the antiapoptotic function of AR, we treated 
myometrial cells with siRNA for Mcl-1 (Figure 6d). RNA 
silencing of Mcl-1 resulted in increased c-PARPI levels in 
hTERT(shCTRL) cells regardless of the phospho-Akt status. 
As Mcl-1 protein levels were lower and c-PARPI level were 
higher in hTERT(shAR) cells, Mcl-1 knockdown did not show 
any impact on c-PARPI levels in hTERT(shAR) cells. We also 
treated cells with MIM1, a specific inhibitor of Mcl-1 that 
selectively targets the BH3 domain of Mcl-1 protein. 
MIM1 treatment increased c-PARPI levels, even when the 
myometrial cells expressed high levels of phospho-Akt. 



Although enhanced AR expression resulted in elevated 
protein levels of Mcl-1, treatment of siRNA to Mcl-1 or MIM1 
can antagonize AR's impact, resulting in higher levels of 
c-PARPI (Figure 6e). Together, these results led us to 
conclude that by modulating the EGF-Akt-Mcl-1 signal path- 
way, AR exerts an antiapoptotic function in an AR-dependent 
manner. 

Antiapoptotic action of tlie AR can also be mediated 
tlirougli a ligand-dependent meclianism. Ligand-acti- 
vated AR can recruit and activate Src kinase, a potential 
mechanism for the ligand-dependent antiapoptotic action of 
the AR. To test this hypothesis, we first treated parental 
hTERT-HM cells with either vehicle or R1881. Although the 
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Figure 5 (a) Go-term analyses by DAVID (version 6.7) identified top 15 ranked gene groups regulated by AR. (b) Information on top 30 ranked genes that either 
upregulated or downregulated by AR were listed, (c) I PA identified canonical connection of signaling pathways regulated by AR. (d) Real-time PGR validate mRNA levels of 
components of EGF signaling in hTERT(shCTRL), hTERT(shAR), hTERT(mock) and hTERT(AR) cells or hTERT-HM cells treated with vehicle or 10 nM R1881 



EGF-Akt pathway is not altered (no changes in p-SHC and 
p-Akt levels), R1881 stimulated phosphorylation of Src and 
its downstream effector STATS, but not STATS (Figure 7a 
and Supplementary Figure S5). As one of the downstream 
targeted genes of STATS, Mcl-1 expression was also 
upregulated by R1881 treatment. By contrast, there were 
no changes of Bcl2 and Bcl-xL, two other antiapoptotic Bcl2 
family members. We further demonstrated that R1881- 
induced activation of Src was effectively inhibited by PP2, 



resulting in decreased phosphorylation of STATS. We also 
observed subsequent downregulation of Mcl-1 expression 
and increased levels of c-PARPI protein even in the 
presence of R1881 (Figure 7b). We have also applied the 
STATS inhibitor, WP1 066, to show that transcriptional activity 
of STATS induced by R1881 was directly associated with 
Mcl-1 protein levels (Figure 7c). Blocking the activation of 
STATS resulted in decreased protein levels of Mcl-1 and 
higher levels of c-PARPI in the presence of R1881 
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Figure 6 (a) hTERT(shCTRL) and hTERT(shAR) cells were treated with 0, 5, 10 ng/ml recombinant EGF peptide for 30min. Cell lyses were collected, (b-e) 
hTERT(shCTRL) and hTERT(shAR) cells were treated with vehicle, 50 of LY294002 (b), 4 of PP2 (c), siRNA for Mcl-1 (d) or 20 fiU of MIM1 (e) for 16 h, after which 
cells were co-treated with 10 ng/ml of EGF and exposed to 3.5 mJ/cm^ of UV light. After recovery for 24 h, cell lyses were collected. hTERT(mock) and hTERT(AR) cells were 
transfected with siRNA for Mcl-1 (f) or MIM1 (g) for 24 h and then subjected tolO ng/ml of EGF and exposed to 3.5 mJ/cm^ of UV light. After recovery for 24 h, cell lyses were 
collected. Western blotting assays were performed with antibodies as indicated. Representative blots from triplicate experiments were presented. Note: Bcl2 is expressed in 
extremely low levels in myometrial cells as shown in Figure 6a. Protein lysate from LNCaP cells was used as a positive control for immunoreactivity to Bcl2 antibody 





treatment. We further showed that Mcl-1 is the downstream 
effector of STATS. Mcl-1 knockdown or inhibition of Mcl-1 
activity by MIM1 resulted in higher levels of c-PARPI protein, 
even in the presence of Src and STATS activations by R1881 
(Figure 7d). We conclude from this set of experiments that 
AR can also exert its antiapoptotic function in a ligand- 
dependent manner through the Src-STATS-Mcl-1 signaling 
pathway. 

Discussion 

The functions of myometrium during pregnancy and labor are 
not only to provide an environment for the fetus to fully 
develop, but also to contract at labor to expel the fetus into the 
extrauterine environment. Owing to the complexity of these 
multiple tasks, the myometrium has to adapt into different 
phenotypes to achieve these goals in a coordinated fashion 
with the progression of pregnancy. Therefore, we have 
proposed the myometrial phenotype programming concept 



to address the phenotypic plasticity of this organ. Our findings 
presented here for the first time characterized the antiapopto- 
tic function of the AR signaling in human myometrial cells. 
By revealing the molecular mechanisms by which AR 
signaling mediates such functions by both receptor-depen- 
dent and ligand-dependent pathways, we further strengthen 
the notion that the AR signaling is a critical component of 
myometrial phenotype programming. 

Our studies support the dual roles of AR in regulating 
myometrial cell proliferation and resistance to apoptotic 
stimuli. This conclusion is supported by the AR gestational 
profile. High levels of AR protein were observed during the 
proliferative phase of pregnancy, but decreased dramatically 
as labor was approached.''^ This expression pattern is 
controlled by the mechanical stretch induced by growing fetus 
as well as estrogen/progesterone signaling.''^ Furthermore, 
AR utilizes different signaling pathways to control proliferation 
and apoptosis of myometrial cells. The proliferative action of 
AR is ligand-independent. We have shown that AR protein is 



Cell Death and Disease 



Antiapoptotic function of the AR in myometrial cells 

H Li etal 



required for IGF-1R protein stability and regulates down- 
stream phosphorylation of Akt."*^ High levels of AR during 
early pregnancy are associated with enhanced activation of 
IGF-1 downstream effectors, including IRS-1, phospho- 
mTOR and phospho-S6K1 in the pregnant rat myometrium. 
However, the antiapoptotic function of AR is both ligand- 
dependent and receptor-dependent (Figure 8). In the 
receptor-dependent pathway, AR but not androgen controls 
transcription of several components of the EGF signaling 
including EGF, RASA, GRB2 and SHC (Figure 6). EGF 
signaling cannot be effectively activated in the presence of 
AR knockdown. In the ligand-dependent pathway, AR 
agonist R1881 does not affect PI3K/Akt pathway. Rather, 



it triggers the activation of Src kinase and the transcription 
factor STATS, resulting in an increase of Mcl-1 expression 
(Figure 7). Interestingly, EGF signaling also activates Src 
kinase and STATS (Supplementary Figure S4), suggesting 
that Src and STATS may possibly induce Mcl-1 protein 
levels. However, our further investigation shows that 
although EGF induced-Src activation can be blocked by 
PP2, it does not effectively decrease Mcl-1 levels. 
In contrast, PISK/Akt inhibitor LY294002 dramatically 
abolishes Mcl-1 levels and induces c-PARPI . These results 
indicate that under EGF signaling, Akt activation has 
the dominant role over Src-STATS in mediating AR 
antiapoptotic function (Figure 8). 
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Figure 7 Human myometrial cells, hTERT-HM, were cultured in DMEM medium containing 5% charcoal-stripped serum for 48 h. (a) Cells were treated with vehicle or 
10nM R1881 for 16 h. Protein lyses were collected, (b-e) Cells were exposed to 3.5mJ/cm^ UV light in the presence of ± lOnM of R1881. Cells were also treated with 
vehicle, 4 /uU of PP2 (b), 5 of WP1066 (c), siRNA for Mcl-1 (d) or 20 /aU of MIM1 (e) for 1 6 h. Protein lyses were collected and immunoblotted with antibodies as indicated. 
Representative blots from triplicate experiments were presented. Note: STATS and Bcl2 are expressed in extremely low levels in myometrial cells as shown in Figure 7a. 
Protein lysis from LNCaP cells was used as a positive control for immunoreactivity to phosphor-STATS and Bcl2 antibodies 
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Figure 8 Proposed mechanisms by which AR exert its antiapoptotic function in human myometrial cells 
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AR signaling involves both intrinsic and extrinsic pathways 
of cellular apoptosis. The common feature of both pathways is 
that apoptotic stimuli activate initiator caspases 8/10 for the 
extrinsic pathway or initiator caspase 9 for intrinsic pathway.^^ 
The initiator caspases then activate the executioner caspases 
(e.g. caspases 3, 6 and 7) to cleave death substrate. Our 
studies indicate that AR controls Mcl-1 expression through 
either EGF/Akt or Src/STAT3 pathways. Mcl-1 is known to 
prevent the activation of the pro-apoptotic proteins, Bax and 
BAK.^^ Furthermore, Akt can phosphorylate and inactivate 
the pro-apoptotic BAD protein.""^ Therefore, the AR/Mcl-1 axis 
inhibits activation of caspase 9 activation and subsequent 
executioner caspases to supress the intrinsic apoptosis 
pathway. The intrinsic pathway can also serve as an enhancer 
for the extrinsic pathway and facilitate cell apoptosis by the 
extrinsic pathway. This mechanism had been demonstrated in 
studies showing that enhanced expression of antiapoptotic 
Bcl2 family members blocked death receptor-mediated 
activation of caspase 8 and downstream executioner cas- 
pases.^^ The same principle is also applied to myometrial 
cells. AR agonist, through upregulation of Mcl-1 expression, 
can inhibit the activation of executioner caspases that are 
triggered by the extrinsic apoptotic pathway. 

Our findings support the critical role of Mcl-1 in protecting 
myometrial cells from apoptotic cell death. Activation of 
caspase 3 is required to maintain uterine quiescence through 
fragmentation of uterine myocyte contractile proteins. 
Upregulation of Mcl-1 was demonstrated to be used by 
myometrial cells to neutralize the apoptotic property of 
caspase 3.^^ In our studies, we also find Mcl-1 has a unique 
role in mediating AR antiapoptotic function in myometrial cells, 
as other antiapoptotic the expression of Bcl2 family members, 
such as Bcl2 and Bcl-xL, is not affected by the AR signaling. 
This phenomenon is consistent with reports in human 
macrophages, where the antiapoptotic action of Akt is 
specifically mediated by Mcl-1 , but not by Bcl2 or Bcl-xL.^^ 

We report that AR utilizes multiple signaling cascades (e.g. 
Akt and Src/STAT3) to induce Mcl-1 expression in myometrial 
cells. As the expression of Mcl-1 is regulated by both 
transcriptional and posttranslational levels, Akt can trigger 
its downstream mTOR pathway to enhance Mcl-1 protein 
translation. Akt can also enhance Mcl-1 protein stability 
through modulating phosphorylation of GSK3.^^ Furthermore, 
Akt can rapidly induce Mcl-1 gene transcription by regulating 
Akt-dependent transcription factors. Ligand-activated AR 
can recruit and activate Src kinase, which in turn enhance 
the transcriptional activity of STAT3 to upregulate Mcl-1 gene 
transcription.^^ Other reported pathways that induce Mcl-1 
levels in myometrial cells are the NFkB pathway, endoplasmic 
reticulum stress response and its adaptive unfolded protein 
response.^ Through different mechanisms, these pathways 
add to the contribution of AR signaling to sustain high levels of 
Mcl-1 present in myometrial cells and to ensure an anti- 
apoptotic environment through this phase of pregnancy. 

Our studies suggest that the AR may interact with other 
steroid receptors to control myometrial cells in response to 
apoptosis. AR protein levels were relatively high in the 
proliferation phase and low during the late secretory phase 
of the menstrual cycle, implying that estradiol and progesterone 
regulate AR gene expression.^^ Using ovariectomized mice, AR 



mRNA levels were shown to be mildly upregulated by estradiol in 
the myometrium.^^ However, no impressive increases of AR 
protein levels were apparent. ^^'^^ As these studies were 
performed using whole-uterine tissues, it is possible that this 
represents a paracrine action involving the endometrium, stroma 
and myometrium. In our myometrial cell model, microarray 
combined with real-time PGR assays did not show any AR 
regulation of ER and PR expression. These findings do not 
exclude the possibility that AR may alter ER or PR function by 
cross talk with IGF or EGF signal pathways, as the downstream 
effectors, Akt and Src kinase are important to transduce steroid 
hormone signaling. Akt and Src are thus attractive therapeutic 
targets to block myometrial cell proliferation and induce apoptotic 
cell death. Recent studies have shown that Akt inhibitors can 
reduce leiomyoma cell viability and leiomyoma tumor volume. 
It is of interest to test whether combining AKT blocker and AR 
antagonist (e.g. MDV3100) would result in synergistic suppres- 
sion of leiomyoma tumor growth. 

Though our results on the antiapoptotic actions of AR were 
collected from in vitro myometrial hTERT-HM cell model, 
further studies shall apply in vivo animal models (e.g. the 
female AR knockout mice). These animal models have the 
privilege to study the paracrine regulation of AR signaling by 
growth hormones and other sex steroids among myometrium, 
stroma and endometrium. 

In summary, our studies demonstrated that the AR exerts 
antiapoptotic functions in human myometrial cells and the AR 
signaling is an important component of myometrium pheno- 
type programming during pregnancy. 

Materials and Methods 

Tissue culture and western blotting. Paternal human myometrial cells 
were received from Dr. Condon (University of Pittsburgh) and referred to as 
hTERT-HM. As described in our previous studyj^ hTERT-HM cells stably 
expressing control shRNA or shRNA against AR were designated as 
hTERT(shAR) and hTERT(shCTRL), whereas cells overexpressing mock or AR 
cDNA were designated as hTERT(AR), hTERT(Mock). When steroid hormone 
treatments were used, cells were first cultured in phenol red-free DMEM medium 
containing 5% charcoal-stripped serum (Hyclone, Logan, UT, USA) for 48 h. 
Protein was extracted in lysis buffer containing 50 mM Tris (pH 8.0), 150 mM NaCI, 
1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate. 
Western blotting assays were performed using antibodies listed in the 
Supplementary Table. The density of protein bands was measured using 
Image J software analysis (NIH, Bethesda, MD, USA). The values of each sample 
were expressed as a ratio of protein of interest to the housekeeping protein. 
R1881, CPT, LY294002, WP1066, PP2 and EGF were purchased from Cedarlane 
(Burlington, ON, Canada). MDV3100 was from Haoyuan Chemexpress (Shanghai, 
China). MIM1 was from Tocris (Bristol, UK). Detailed information of antibodies and 
primers are listed in Supplementary Table. 

UV light and anti-Fas antibody induced apoptosis. cells were 
serum starved for 12 h before exposured to UV light (UV Stratalinker 1800) for 
various doses. Cells were allowed to recover for the indicated periods of time. To 
induce apoptosis through the extrinsic pathway, cells were treated with anti-Fas 
antibody (clone CH1 10) at various doses and time points.^° Cells were harvested 
and the percentage of cells with Annexin V binding was determined by flow 
cytometry.^° Protein lysates was extracted for western blotting of c-PARPI and 
C-CASP3. 

Flow cytometry. Annexin V-PE/7-AAD Apoptosis Detection Kit (BD 
Pharmingen, San Diego, CA, USA) were used to detect apoptotic cell populations 
according to manufacturer's protocol. Briefly, the cells (1 x 10^ cells) were 
suspended in 100^1 binding buffer, and then treated with 5fi\ of Annexin V-PE 
(BD Pharmingen) and S/al 7-AAD before analyzed on FACSCanto II flow 
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cytometer and BD FACSDiva software v5.0.3 (Becton Dickinson, Franklin, NJ, 
USA). Ten thousand events are acquired for statistical analysis. Detection of 
apoptotic population was performed according to the manufacturer's instructions 
(https://www.bdbiosciences.com/externaLfiles/pm/doc/tds/celLbio/live/web_enabled 
/6900KK_559763.pdf). 

Microarray and Real-time PGR. Gene microarray analyses were 
performed as described before.^" Briefly, Total RNA was extracted from 
hTERT(shAR) and hTERT(shCTRL) cells by the mirVana RNA Isolation Kit 
(Ambion, Austin, TX, USA) from three independently repeated experiments. The 
quality and quantity of RNA were assessed with an Agilent 2100 Bioanalyzer 
(Caliper Technologies Corp., CA, USA). Amplified and Alexa Fluor 3 labeled RNA 
samples from hTERT(shCTRL) and hTERT(shAR) cells were hybridized onto the 
Human Agilent 4 x 44k (Agilent Technologies, Santa Clara, CA, USA), along with 
Alexa Fluor 5 labeled human reference RNA. Hybridization signals were analyzed 
following the manufacturer's instruction. Statistical Analysis of Microarray (SAM) 
program (http://www-stat.stanford.edu/tibs/SAM/) was used to analyze expression 
differences between RNA samples from hTERT(shAR) and hTERT(shCTRL) cells. 
Unpaired f-tests were calculated for all probes passing filters and controlled for 
multiple testing by estimation of q-values using the false discovery rate method."^^ 
I PA software (Ingenuity Systems) was used to analyze AR-regulated gene groups 
and signaling pathways. 

Real-time PGR assays. Total RNA was extracted using Purelink RNA mini 
kit (Invitrogen, Burlington, ON, Canada) according to the manufacturer's 
instructions. Two micrograms of total RNA was subjected to a random-primed 
reverse transcription using M-MLV reverse transcriptase (Invitrogen). Real-time 
qPCR was conducted in triplicates using Applied Biosystems7900HT with 5ng of 
cDNA, 1 luM of each primer pair and SYBR Green PCR master mix (Roche, 
Mississauga, ON, Canada). The sequences of primers were shown below. 
Relative mRNA levels were normalized to GAPDH. 

Statistics. Results are expressed as the mean±S.E.M. To determine 
differences between two groups, student f-test was carried out using GraphPad 
Prism (version 4) with the level of significance set at P<0.05 as *, P<0.01 as ** 
and P< 0.001 as 
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